Several approaches were used to study the role of GroEL, the prototype chaperonin, in the nitrogen fixation (nij) system. An Escherichia coli groEL mutant transformed with the Klebsiella pneumoniae nif gene cluster accumulated very low to nondetectable levels of nitrogenase components compared with the isogenic wild-type strain or the mutant cotransformed with the wild-type groE operon. In K. pneumoniae, overexpression of the E. coli groE operon markedly accelerated the rate of appearance of the MoFe protein and its constituent polypeptides after the start of derepression. The groEL mutation in E. coli decreased NifA-dependent ,-galactosidase expression from the nifH promoter but did not affect the constitutive expression of nifA from the tet promoter or ntr-controlled expression from the nifLA promoter. The possibility that GroEL is required for the correct folding of NifA was supported by coimmunoprecipitation of NifA with anti-GroEL antibodies. Kinetic analyses of nitrogenase assembly in 35S pulse-chased K. pneumoniae pointed to the existence of high-molecular-weight intermediates in MoFe protein assembly and demonstrated the transient binding of newly synthesized NifH and NifDK to GroEL. Overall, these results indicate that GroEL fulfills both regulatory and structural functions in the nif system. Biological nitrogen fixation is carried out by dinitrogenase, a two-component enzyme complex. In molybdenum-dependent nitrogenases, the MoFe protein is responsible for substrate binding and reduction, whereas the Fe protein is the exclusive electron donor for the reaction. The MoFe protein is an OX212 tetramer of approximately 220 kDa assembled with four iron-sulfur clusters and containing two copies of an iron-molybdenum cofactor (FeMoco). The Fe protein is an ct2 dimer assembled with a single iron-sulfur cluster (reviewed in reference 38).
Biological nitrogen fixation is carried out by dinitrogenase, a two-component enzyme complex. In molybdenum-dependent nitrogenases, the MoFe protein is responsible for substrate binding and reduction, whereas the Fe protein is the exclusive electron donor for the reaction. The MoFe protein is an OX212 tetramer of approximately 220 kDa assembled with four iron-sulfur clusters and containing two copies of an iron-molybdenum cofactor (FeMoco). The Fe protein is an ct2 dimer assembled with a single iron-sulfur cluster (reviewed in reference 38).
In Klebsiella pneumoniae, the genetically best-characterized nitrogen-fixing organism, all the genetic information specifically required for nitrogen fixation resides within a contiguous 24-kb nif gene cluster (1) . The 20 nif genes within this cluster are organized in seven or eight transcriptional units that together form a regulon, responding, via the ntr system, nifLA (28) and nijX (17) , to the oxygen and fixednitrogen status of the cells. The nifA product serves as a nif-specific transcriptional activator, binding to upstream enhancer sequences of nif promoters (30) and acting in conjunction with RNA polymerase containing RpoN (U(54) as a sigma factor (reviewed in reference 28).
The assembly of nitrogenase components is a complex process, involving the formation of oligomeric protein structures, the addition of metal clusters, and the biosynthesis of FeMoco and its association with the apo-MoFe protein. The underlying genetics are no less complex and, in K. pneumoniae, involve at least 10 nif genes. In addition to nifH and niJDK, encoding the structural subunits of the Fe protein (Kp2) and the MoFe protein (Kpl), respectively, this group includes genes involved in FeMoco synthesis as well as genes with maturation or activation functions for one or both nitrogenase components (28, 35, 38) .
A highly important yet so far overlooked aspect of nitrogenase biogenesis is the potential role played by non-nifhost genes in the process. In previous studies, we have addressed * Corresponding author. some aspects of this question by following the interaction between the Nif structural polypeptides in foreign hosts expressing selected nif genes (4, 20) . The hosts chosen were Escherichia coli, an enterobacter closely related to K. pneumoniae and able to fix nitrogen when transformed with the entire nif cluster from K. pneumoniae, and the yeast Saccharomyces cerevisiae as a model eukaryote. When these two hosts were compared for the interaction between the MoFe protein subunits, the results indicated that the two polypeptides formed an assembly product in E. coli but remained in their monomeric form in yeast cells (20) . These results have led us to postulate that a host function(s) played a role in the interaction between NifD and NifK.
A clue for the potential nature of such a host function(s) has been provided with the emerging role of molecular chaperones in assisting correct folding and supramolecular assembly of other proteins (reviewed in reference 12). A group of molecular chaperones, classified as chaperonins (12, 15) , include evolutionarily conserved proteins encoded by heat shock-induced genes (12, 19) . The prototype bacterial chaperonin is the product of E. coli groEL, a gene shown by deletion analysis to be essential for cell viability (14) . Mutant studies have implicated groEL together with the cotranscribed groES in diverse processes, such as phage morphogenesis, stress protection, protein folding, oligomer assembly, mRNA turnover, and general protease activity (reviewed in reference 15). According to the current model, GroEL, a decatetramer in its native form, binds unfolded or misfolded polypeptides. After ATP-dependent release, mediated by GroES, the polypeptides assume a correct conformation with respect to both intra-and intermolecular interactions (12, 15) . Although chaperonins are pleiotropic in their function and act on a variety of protein substrates, the recognition of their role in specific cellular processes is obligatory for complete understanding of the biochemical and genetic bases underlying these processes.
The objective of the present study was to examine, by a variety of experimental approaches, the possibility that GroEL plays a role in nitrogenase biogenesis. The (5); pBZ147, containing the nipI promoter followed by nifHI'-'lacZ cloned in pMC1401 (5); pKT200 (6) , containing an 8.1-kb EcoRI fragment including the groE operon from wild-type E. coli (13) cloned in pBR322; and pGR112 (34) , containing an approximately 8-kb fragment of the K. pneumoniae nif cluster, including the nifLA operon. Transformation procedures were done as described before (18) .
Growth conditions and nitrogenase derepression. K. pneumoniae was normally grown in NFDM medium containing 0.2% ammonium acetate at 30°C (18) . The two E. coli strains were grown similarly, but the medium was supplemented with 25 ,ug/ml each of L-proline, L-arginine, L-histidine, adenine, and thiamine. Depending on the transforming plasmids, the medium contained ampicillin at 400 ,ug/ml for K. pneumoniae and 100 ,ug/ml for E. coli or chloramphenicol at 15 ,ug/ml. Conditions for nitrogenase derepression were essentially as described previously (4) , with DL-aspartic acid at 100 ,ug/ml for K. pneumoniae and 50 ,ug/ml for E. coli. The derepression medium for E. coli also contained the supplements described above. The cells were derepressed for different lengths of time, as described for each experiment.
Anaerobic protein extraction. The procedure used for anaerobic protein extraction was essentially that described previously (18) . Ten-milliliter cell suspensions were usually used for each extraction.
Gel electrophoresis and immunoblotting. The procedures for denaturing and nondenaturing gel electrophoresis and immunoblotting (with 1251I-protein A) were essentially those described before (18) . In all cases, electrophoresis on nondenaturing gels was performed under anaerobic conditions. The nondenaturing and denaturing gels contained 7 and 10% polyacrylamide, respectively. Electroblotting and immunoblot analyses were performed under aerobic conditions. Blots were probed with rabbit polyclonal antibodies raised against Kpl, Kp2, and NifA (kindly provided by E. Santero) from K. pneumoniae and against P-galactosidase and GroEL (kindly provided by A. Mehlert and I. Cohen) from E. coli.
RNA preparation and hybridization. RNA isolated from E. coli (3) was analyzed by slot hybridization as described before (27) .
Pulse-chase analysis of nif-derepressed K. pneumoniae. Suspensions ( Coimmunoprecipitation analysis. Extracts of nonlabeled or pulse-chased cells were analyzed by immunoprecipitation with anti-GroEL or anti-NifA antibodies. The cell extracts were prepared as described previously (18) but with double the volume of the extraction buffers and in the absence of glycerol. A sample (250 pJl) of extract was added anaerobically to 3 mg of protein A-Sepharose CL-4B beads preadsorbed with the indicated antibodies in microfuge tubes stoppered with rubber serum caps. Preadsorption was performed by gently shaking the beads with 0.5 ml of 1:50-diluted antiserum (in 20 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, pH 7.9]) for 30 min at room temperature. The supernatant was removed by centrifugation, and the beads were rinsed three times with the HEPES buffer and finally with 0.4% Triton X-100 in 25 mM Tris-HCI, pH 7.4. The final rinse was performed under anaerobic conditions. The beads were anaerobically mixed with the cell extracts and incubated for 90 min at 4°C with occasional shaking. The mixtures were spun in the microfuge at 6,000 rpm for 1 min, and the beads were rinsed once anaerobically and five times aerobically in the Trisbuffered Triton X-100 solution described above. Following resuspension in 50 ,ul of sample buffer (26) and incubation in boiling water for 5 min, the suspensions were centrifuged. Samples (50 ,ul) of the supernatants were resolved by denaturing gel electrophoresis, and the gels were dried and autoradiographed or subjected to immunoblot analysis as described above.
Assay of P-galactosidase activity. E. coli cultures growing exponentially in LB medium at 30°C were assayed as described before (29) . When indicated, isopropyl-f3-D-thiogalactoside (IPTG) was added to 100 ,ug/ml.
RESULTS AND DISCUSSION
MoFe protein formation in an E. coli groEL mujtant. Because no groE mutations have been reported so far in K. pneumoniae, we first compared nitrogenase formation in nif-transformed T850, a groEL mutant of E. coli, and the corresponding wild-type strain. The groEL mutation in strain T850 does not interfere with normal cell growth but severely impairs phage morphogenesis (39) and, as shown more recently (16) , also impairs the assembly of cyanobacterial Rubisco subunits. The mutant and wild-type E. coli strains were transformed with pWK220, a plasmid containing the entire nif cluster from K. pneumoniae, and the transformants were subjected to nif-derepressing conditions. The two types of transformants were compared for the level of native MoFe protein, the structurally and functionally more complex of the two nitrogenase components. The assay, based on nondenaturing anaerobic gel electrophoresis ( Fig. la) , showed that, similar to K. pneumoniae, the wildtype E. coli transformants contained three electrophoretic variants of native Kpl, representing the holoprotein (form a) and two FeMoco-deficient species (forms b and c) (4, 18, 20) . In the mutant, a drastic reduction in the level of Kpl is evident, leaving only traces of the major form and no visible minor forms. Analysis under denaturing conditions indicated that the level not only of native Kpl but also of its structural polypeptides was reduced in the mutant compared with the wild-type strain (Fig. lb) , suggesting already at this stage that groEL could be affecting nif regulation.
In another set of analyses, the nif-transformed groEL mutant was compared not with the corresponding wild-type strain but with the mutant cells cotransformed with a plasmid containing the wild-type groE operon (Fig. 2) . In this experiment, the level of native Kpl and Kp2 in the mutant cells transformed only with the plasmid containing the nif genes was too low to be detected. However, when cotransformed with the groE plasmid, these cells accumulated significant amounts of Kpl and Kp2 antigens. Thus, transformation with the wild-type groE operon apparently reversed the mutant phenotype with respect to the accumulation of both nitrogenase components.
Effect of groE overexpression in wild-type K. pneumoniae. The close relatedness of E. coli and K. pneumoniae as well as the general evolutionary conservation of GroEL (12, 19) made it very likely that a GroEL homolog was present in K. pneumoniae. Nevertheless, we postulated that the level of the chaperonin might be less than necessary to saturate the requirements of the nif system (16) GroEL functions in nifregulation. The results described so far indicate a function for GroEL in the formation, stability, and/or assembly of the Nif structural polypeptides. These three aspects are mechanistically interrelated, since assembly into functional nitrogenase components is thought to enhance the intracellular stability of Nif polypeptides as well as to promote nif derepression (35) . To directly examine the potential regulatory function of GroEL, it was therefore necessary to use an assay system which was independent of the synthesis and assembly of Nif structural polypeptides. In the assay used, the mutant and wild-type E. coli strains were transformed with pBZ147, a plasmid containing the nifH promoter followed by an in-frame nifH'-'lacZ fusion. To transcriptionally activate the nif promoter, the cells were cotransformed with a plasmid directing the constitutive synthesis of NifA, the nif transcription activator protein.
The results ( Several additional tests were performed to further clarify the specific role of groEL in nif regulation. To eliminate the possibility that GroEL was necessary for maximal enzymatic activity of 3-galactosidase expressed from pBZ147, the mutant and wild-type E. coli cotransformants were also compared for the level of 3-galactosidase antigens (Fig. 4) .
The results indicated that the mutant strain contained a much lower level of the P-galactosidase polypeptide than the wild type. Another analysis, by slot blot hybridization, demonstrated that the mutant also contained a much lower level of the nipH'-'lacZ transcript (Fig. 5) . To eliminate the possibility that the groEL mutation affected transcription from the nifH promoter by lowering the expression of nifA, RNA blots were hybridized with nifA DNA. No meaningful difference in signal intensity was observed between the mutant and wild-type transformants. These analyses showed that the groEL mutation affected transcriptional activity from the nifH promoter but not from the tet promoter used to express nifA in pNR300. A separate analysis (Fig. 4) demonstrated that the mutation also had no observable effect on the level of NifA protein in these transformants.
Another important question addressed by the analysis was whether the observed regulatory role of the chaperonin on expression from the nifH promoter could stem from its function in the assembly of apo-RNA polymerase with RpoN (23) as the probe. (NtrA; u54), the ntr (and niJ)-specific sigma factor (28) . This type of holopolymerase is responsible for transcription from all nifpromoters, including that of nifLA. However, because the latter promoter, unlike all other nif promoters, is not activated by NifA but by NtrC-P, it could serve to evaluate the role of GroEL in o-54-apopolymerase assembly. The two E. coli strains were therefore transformed with pGR112 (34), a plasmid containing the K. pneumoniae nifLA operon, and the level of NifA in cells subjected to derepressing conditions was compared. The results (Fig. 6 ) revealed no difference in the level of NifA between the two strains and hence supported the conclusion that the groEL mutation did not impair the RpoN-apo-RNA polymerase interaction or later steps in NifA synthesis.
The mechanism responsible for the positive regulatory function of GroEL on nifexpression could entail the correct folding and maintenance in a functional state of NifA. This proposal is based on the following observations: (i) temperatures above 37°C inhibit in vivo transcription from nif promoters owing to NifA inactivation (9) ; (ii) in vivo heat inactivation of NifA is reversible (8); (iii) when overproduced in E. coli, NifA is very insoluble (40) ; and (iv) NifA is very rapidly inactivated in in vitro niftranscription assays (2, 36). The thermal lability and poor solubility of NifA indicated by these observations make it highly likely that the nif transcriptional activator needs to interact with the groE system in order to initially assume an active conformation and/or to correct structural damage during its course of action.
This proposal predicts that at any given time, part of NifA will be physically associated with GroEL. To examine this possibility, extracts of derepressed K. pneumoniae were immunoprecipitated with anti-GroEL antibodies, and the precipitates were resolved by denaturing gel electrophoresis and immunoblotted with anti-NifA antibodies. The results (Fig. 7) indicate coimmunoprecipitation of a part of NifA with the anti-GroEL antibodies. In addition to its recognition by the anti-NifA antibodies, the identity of the coimmunoprecipitated band as NifA was established by its comigration on the gel with purified NifA and its absence from immunoprecipitates of repressed K. pneumoniae extracts. No NifA signals were observed when the derepressed K. pneumoniae extracts were mixed with protein A-Sepharose beads not treated with antiserum and when preimmune serum was used (not shown). The possibility that the anti-GroEL antibodies cross-reacted with NifA was eliminated by performing immunoblots of derepressed K. pneumoniae extracts with anti-GroEL antibodies as well as by immunoblot analysis of purified NifA with the same antibodies (not shown). The nature of the slow-migrating, cross-reacting bands evident in the total extract and of the immunoprecipitates is not known. These results provide evidence for the interaction of NifA with GroEL in nif-derepressed wild-type K. pneumoniae, i.e., under normal conditions of nitrogen fixation. In addition to NifA, IHF, the integration host factor recently shown to enhance in vitro transcription from nif promoters, probably by facilitating productive contacts between the DNA-bound NifA and the a54 holoenzyme form of RNA polymerase (21) , could also be considered a potential candidate for interaction with the chaperonin. However, the extraordinary thermal stability of IHF (31) makes it quite unlikely that the conformation, and consequently the function, of this factor is strongly dependent on the groE system.
GroEL action in nitrogenase component assembly. Based on the versatility of chaperonin functions (12) , the interaction between the groE and nif systems might not be limited to nifgene expression but could also include the assembly of nitrogenase components. To examine this possibility, we first attempted to identify GroEL-bound intermediates of nitrogenase assembly in fully derepressed wild-type K.
pneumoniae cells pulse-labeled with [35S]methionine and chased for different lengths of time with excess nonradioactive methionine. Extracts of the pulse-chased cells were analyzed by nondenaturing gel electrophoresis followed by direct autoradiography (Fig. 8B) . To identify unequivocally the major radioactive bands as the nitrogenase components, coelectrophoresed samples were analyzed by immunoblotting with anti-Kpl antibodies or anti-Kp2 antibodies ( Fig. 8A and C). These analyses permitted us to follow the course of incorporation of the radioactively labeled nitrogenase polypeptide subunits into the mature components.
For Kpl, the results show a continuous increase in labeling throughout the experiment (Fig. 8B) In another attempt to detect a transient association of the structural Nif polypeptides with GroEL, the pulse-chased cells analyzed above were examined by immunoprecipitation with anti-GroEL antibodies. Coimmunoprecipitation has been used previously in a variety of systems to demonstrate the physical association of molecular chaperones and pulse-labeled substrate proteins (7, 24, 32) . The analysis of the precipitates by denaturing gel electrophoresis and autoradiography (Fig. 9) showed the coimmunoprecipitation of newly synthesized Nif, NiD, and NifK with the antiGroEL antibodies. These polypeptides were identified by their electrophoretic comigration with the major proteins synthesized in nif-derepressed cells (Fig. 9) (25) .
The short-lived association of Nif polypeptides with GroEL eliminates nonspecific adsorption as the major cause for coimmunoprecipitation. The absence or altered relative intensity of a number of polypeptides in the precipitate relative to the total population of labeled polypeptides provides another indication for selectivity in the association of newly synthesized polypeptides with GroEL. In general, this behavior is compatible with the suggestion that GroEL interacts with a variety of newly synthesized polypeptides but still exhibits a preference for a specific set of substrates (15) . In the present case, the set is likely to include not only the Nif structural polypeptides, but perhaps also other nif gene products which are preferentially synthesized in nifderepressed K. pneumoniae (35) .
The results of this analysis indicate that newly synthesized NifH, NifD, and NifK as well as other polypeptides (likely including other nif gene products) transiently associate with GroEL. The fast turnover of the association of the Nif polypeptides with GroEL could possibly account for our inability to detect these complexes on native gels. It could also account for the apparently instantaneous assembly of (35) . In summary, the results presented here demonstrate that groEL or the entire groE operon plays an important role in determining the rate and level of accumulation of Nif polypeptides and mature nitrogenase components in K. pneumoniae and nif-transformed E. coli. The chaperonin function is at least twofold. The enhancement of nif gene transcription, most probably by assisting the folding of NifA, represents an intriguing example of a specific positive regulatory effect of a ubiquitous chaperonin on gene expression. While the interaction of GroEL with the newly synthesized Nif structural polypeptides is in line with the general role proposed for the chaperonin, its demonstration in the nif system has far-reaching implications. An aspect of special interest is the potential for functional expression of nif in naturally nonfixing organisms, an aim of past and present experiments (11) . As generally pointed out previously (19) and indicated by the present study, compatibility with the host chaperonin might be one of the most critical factors limiting this prospect.
